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A THERMODYNAMIC STUDY OF GERMANIUM SULFIDES
BY
SHAM

LAL .MALHOTRA

A

THESIS
Submitted to the faculty of the

SCHOOL· OF MINES AND METALLURGY ·OF THE UNIVERSITY OF MISSOURI
in partial fulfillment of the work required for the
Degree o~

MASTER OF SCIENCE IN METALLURGICAL ENGINEERING

ABSTRACT

The vapour pressure of germanium monosulfide (liquid)
was determined by a boiling point method.

An expression forthe

vapour pressure as a function of ·temperature was obtain~d. and
the heat of vapourization calculated..

Using the heat of sub-

limation data obtained by other investigators, the heat of
fusion was calculated.
The thermodynan1ic properties, change of standard-free
energy(fi FQ) heat content·(~ H0

)

and entropy (~ s 0

);

of ger-

manium disulfide were determined by using an indirect method.
The equilibr_ium H2 S/}k0 ratios are determined for the reaction:
GeS2(s) + 2H20(g)

= Ge02(s) +

2~2S(g),

in the temperature . range of 410-560°C by using a fiow method
and extrapolating the values of H2 S/~o ratios to zero flow
rate.

An- expression for the standard free energy of the

reaction as a function of temperature was obtained.

Using the

known values of standard free energy of foi'Illation of Ge02 (s),
H2S(g) and H2.0(g) an expression for the dissociation of germanium disulfide was calculated •
. A detailed. description is given for ·the methods and the
apparatus used. for both the vapour pressure and equilibrium
studies.

ii

The methods used for the preparation of the compounds
GeS 2 ana GeS and their properties are described.
diffraction patterns are given for GeS 2

,

X-ray

GeS and Ge02 phases.
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CHAPTER 1
INTRODUCTION
The purpose of this in-

statement of the problem.

vestigation was (1) to determine experimentally the vapour
pressure of germanium·monosulfide, (2)· to determine experimentally some of the thermodynamic properties of germanium
disulfide.
Organization of the problem.

Th_e problem consisted

of three types of experimental work:

(1) the-preparation

of germanium mono and disulfide, (2) the vapour pressure
study of germanium monosulfi~e, and (3) the equilibrium.

An

study of germanium disulfide.

explanation of the apparatus

and the experimental procedur~ ha'sG· been p~esented in chapters
III, IV and V respectively.

The experimental results are given

separate!~ in chapter VI.
Importance of the study •.
tributed in small quantities in

Germanium.is ·wid.ely dis-

the

e~rth's crust, but no ore

mineral is known where germanium is the primary element.
Based on the fact that nearly all of the ores containing·
germanium are sulfid~s, the selective volatilization of metallic
sulfide·s, either at atmospheric pressure or under vacuum
seems to be a promising method of concentration.

To predict

2

such a process, it is necessary to know the relative volatilities·
of the metallic sulfides.

A study of the vapour pressures of

germaniwn sulfides is of:.,prime importance for evaluating ·the
feas~bili ty-:.6£ such a process~
A knowledge of other thermodynamic properties such as
heat capacity, heat content, entropy and free energy, and how
they are influenced by temperature and pressure can enable one
to design and predict the behaviour of new processes.

CHAPTER II
THE EXPERIMENTAL METHODS
In order to detepnine the thermodynamic properties of
germanium sulfides, it was necessary to consider the various
methods which have been used by other investigators for similar studies.

Later the literature was surveyed. to find the

work that has already been done on germanium sulfides, and
methods were selected. for the study.
I.

A SURVEY OF EXPERIMENTAL METHODS

Generally for the study of thermodynamic properties,
calorimetric, e:.m.•.f. , or equilibri wn. ·measurements are used..
For this problem it was decided to use equilibrium measurement methods.

There are two choices, the use of a vapour

pressure method which is quite suitable where· one component
has an appreciable vapour pr~~sure or a dissociation pressure
measurement, which can be studied by either using reducing
gasc~·:. like hydrogen . or an oxidising gas, like water vapour.
Vapour pressure measurements.

Vapour pressure measure-

ments can be divided into three categories, namely:

1. Static

methods; 2. dynamic methods; 3 .. effusion methods.
Static methods.

The static methods for measuring sul-

fur pressures are fundamentally the simplest.

Biltz and

Coworker (1930) 1 used the static method of measuring the

4

dissociation ~ressures of sulfides.

The method consists of

measuring the vapour pressure of the sulfide after successively
removing fractions ·of sµlfur from the higher sulfide, which
are ~f~erwards analyzed.

The vapour pressure is measu.red by

means of a silica spiral manometer.

In order to measure the

increment of sulfur withdrawn, the sulfur vapour at its
equilibrium pressure is condensed. and later analyzed. This
method is restricted. to systems which have appreciable sulfur
pressure.
A d.ew point method-for direct vapour pressure measure2

ments has been used. by Allen and Lombard
and iron sulfide (Fes2

)

for copper sulfide

and by Rosenqvist for FeS2

•

The

sulfide ·under study is placed.in a closed tube . and heated.
One end of

the

tube is kept at constant temperature while the

other end is cooled slowly ~til the condensation of sulfur
vapour is observed.

The procedure is . repeated till . the temp-

erature· at the condensation and vapourization ends are the
same and. from the vapour pressure of liquid sulfur at that
temperature the dissociation. pressure is obtained."
In g~neral static methods for direct measurement of
vapour pressur~ are to be preferred where sulfur pressure are
of appreciable magnitude.

But the f~ct that the equilibrium

has been:a~tained, or rather that the results derived. apply ·

5

to the equilibrium conditions, has to be.ensured by approaching the equilibrium from higher and lower temperatures.
Dynamic method.

The best known thermochemical method

that is truly dynamic is the determination of the boiling
point of a substance.

This, of course, gives the temperature

at which the vapour pressure of the substance equals the
pressure of the atmosphere with which it is in contact.

Ruff3

used the sudden decrease in weight of the substance as it
reached the boiling point.

Sometimes the slope of the curve

at the boiling temperature is not sharply defined which leads
to some erro£, and as the observations rre taken at changing temperatures,- the actual temperature observed is subjected
to some error.

Fisher and Rahlfs 4 used. constant temperature

with changing pressure and. Leitgebel5 used constant pressure,
for boiling point determina~ion. In both cases the boiling point
is much more sharply marked., .by a well defined arrest in the
temperature curve.

Its observed value can be high as a re-

s~lt of super-heating, but in case of metallic systems they
are within the limits of experimental errors.

But the error

can be eliminated. by using a condensation method., in which the
temperature is measured at various
heights above the boiling.
.
liquid.; as within a certain distance from the liquid, where·
its vapour is condensing, the temperature is constant and is·

6

equal to the boiling point of the liquid at the pressure of
the buffer gas.
Another generally used dynamic method is the transportation method.

An i~ert gas stream is passed over the

substance.and the rate of the removal of vapour or the· volatile
component is measured at different ~iow rates, which is.
d.ependent upon. its relative pressure and gas flow rate,
theoretically, saturation should be attained. at a zero rate.
The value of the vapour_pressure determined by extrapolat~ng
to zero flow rate should be equal to its value observed.by
static-methods.

In practice satu~ation is reached ·at low finite

flow rates, and extrapolating error can only be avoided by
working at low flow rates, but which introduces the new error

.

of thermal diffusion.

Kenworthy and coworkers (1956),

6
used

the transportation method for _the determination of vapour
pressures of. ge~~nium monosulfide and disulfide.

·Helium was

used as-an inert gas _and the_ amount of material vaporized was
measured by the weight loss of the sample in a moving stream
of helium, and the weight loss at zero flow rate was computed.
For calcula~ing the vapour pressure·· they:msed the following
equation:
P

= --9.
Mv

RT

where pis partial pressure o in atmospheres, Vis the volume

7

which contains g grams of the sample (Ges}, Mis the molecular
.

.

weight of gasified material, Tis absolute temperature and R
is the gas constant.
Methods based
(Effusion Method).

.Q!1

rate_of sublimation and evaporation.

.

7

In 1913, Langmuir

devised a dynamical

method of measuring vapour pressure of refractory solids by
measuring the rate of sublimation in a vacuum.

Knud.sen8 (1934),

suggested the determination of·the vapour pressure of solids
and liquids from the rate of effusion of a v~pour through an
orifice into a high vacuum.

In both the cases the pressure

is calculated from the formula:·
P

= -1!L
j2 7fRT
t·A
M.

where Pis the vapour pressure, m (g) is the mass of the
vapour of molecular weight M which eyaporates from an area
2

A(em) ·1n time {sec.).

This equation assumes that every atom

that strikes the surface condenses, but a fraction-may bounce
off.

So the equatio·n should be:
P

=

m

. tA(t-OC:)

r:1ifii.T
J --;i-

where factor ( 1- ce.) is the acconunod.ation coefficient. . From
the equation vapour. pressure can be ·calculated. ij; (!- ce) is
known, for mos't metals it is equal to one.

Although these

methods h~ve not been ·utilized.to a great extent, recently

8

several investigators have used them for·various sulfur compounds.

Hsiao and Schlechten9 used. the effusion method of

Langmuir to determine the "apparent" vapour pressure of·
number of sulfides.

This.method has also peen used for

determining the vapour pressure of germanium sulfides.
·

Barrow and his coworkers

10

(1955), determined the vapour

pressure of germanium monosulfide, by using the Knudsen
effusion method.

The weight loss was determined by two

different apparatuses, .in one they .used a quartz torsion
fiber balance and in the other contraction in a spring was
used to measure the rate of weight loss.

Shimazaki and. waa.a11

(1956), used the Knudsen effusion·method. for germanium monosulfide.

Shimazaki and Matsurnoto12 .(1956) studied by the

same technique the vapour pressure of germanium disulfide.
Indirect methods of determination of sulfur pressures.
For the indirect measurem.ent. of sulfur pressures of metal
sulfides, hydrogen s_ulfide and hydrogen gas mixture in
equilibrium with the metal sulfide have ~een used extensively.
Pelabon1 3 enclosed the metal sulfide and hydrogen.and hydrogen
sulfide mixture in a tube, after the ·tube had been heated to
the required temperature,. it was quickly cooled and the re•

•

.
sul ting
gas was ana1 yze d •

•

I

. k e and. K apustins
. k.1 14 use d a
Britz

method whereby they measured. directly the H2S/H2 ratio.

These

9

methods suffer from error d.ue to thermal .diffusion effects,
apart from . the· change in the ratio. from the equilibrium _
value despite sudden c9oling.
;Dynamic method.s using _the equilibrium of a metal
sulfide with hydrogen sulfid.e and hydrogen· mixtures have been
used by various investigators.

Cox and his workersl5 _·for

their study of copper, iron and manganese sulfides:. anl:LAbGlndr,oth
and Schlechten16 in their study of the titanium sulfur system:
used the method of rec~rculating a hydrogen-hydrogen sulfide
charge ~ntil the gas c9mpositio~ reached a consta~t value.
Thermal d.i ffusion effects can be minimized. by sufficiently
preheating the gas mixture before· it enters the reaction zone.
Ono and $udo17 (1955).determined. the dissociation
pressures of .germanium mono and disulfide by using a flow
method..

Hydrogen gas was p~s.sed over the heated germanium·

sulfides and. the resultant g.as was analyzed for hydrogen
sulfide.

The hydrogen sulfide - hydrogen ratio .was deter-

mined for various flow rates and extrapolated -to ·zero flow
rate, which gave the equilibrium ffaS/H2 0 ratio.

Knowing the

equilibriw:n constant for the dissociation of hyd.rogen sulfide,
they calculat~d the dissociation pressures of germanium mono
and ·d.i sulfid.es.
The method of flow rate suffers from the same draw
back as the transportation method.

The saturation is. reached.

10

at lower flow r.ates which in·. ::urn. introduces another error,
that of thermal diffusion.
Recently Rosenqvist18 studied the equilibrium oxidation
·of .calcium sulfide by using water vapour, and. curlook and.
1
Pidgeon 9 adopted a similar method. for the study of magnesium
sulfide.

The reaction:

MgS(s) + H20(g)

= Mg

o(s) +· H2S(g)

was studied by passing an inert gas through the water baths,
over a mixture of MgO ~d. MgS, establishing equilibrium
between gases and solids, and determining the ratio of H2 S:H2 0
in the resulting gases.
II.

SELECTION OF METHODS

Consi~.ering direct vapour pressure measurements, we
have only the choice of dynamic and effusion methods, as the
static.methods are suitable only if the sulfur pressures are
of appreciable magnitude, cannot be used for germanium sulfides.
Barrow and his coworkers, 10 Shimazaki and waaa11 and. Shimazaki
and Ma.tsumoto12 have used effusion techniques .for the vapour
pressure determination-of germanium sulfides, but the range
of temperature studied is very small from 300-490°C.

They

determined the heat of sublimation o~ germanium sulfides.
Kenworthy and his coworkers6 used the dynamic method
utilizing the transportation method. for the ·determination of

11

vapour pressures of germanium sulfides. ·But their work was
.

.

limited. by the melting point of germanium monosulfide, they
expressed. doubt regard.;ing their observation at ~00 °C, as _· they
·explained that it is near the melting point of _germanium
monosulfid.e, 625 °C.
Considering these factors, attention was directed. to
the other dynamic methods such as boiling point and partial
pressure, as these promised a higher temperature range. The
method used by Waidner and Burgess 20 for determining sulfur
vapour pressure was tried. with some modifications.
~

In thi°s

the vapour was allowed. to drive out the gas filling the space
above the liquid, as this was possible only if its own vapour
pressure was equal to that of the filling gas; so after
adjusting the pressure of the gas, the temperatu~e at which
the liquid boiled. was dete~i.ned; at this _temperature, the ·
vapour pressure of th~ liquid was equal -to that of the
filling gas.
This method was found to work well at higher pressures,
but when the pressure·was very low, in the order of 10 nun,
the boiling- point was difficult to determine, ·this agrees well
with the observations of Ditchburn
and. Gilmour21 (1941) .·
·,

discussing the various methods,they ·reported that at low
pres~ures serious difficulties arise.

In

12

This method was tried for germanium disulfide, but
as the pressures involved were very low i t required high
temperatures in the order of 1000°C to obtain pressures·of
·30-40 nun, which neccessitated the use of a quartz tube.

This

method was used for only germanium monosul.fide.
Method used for germanium disulfide.

For the germanium

disulfide the direct methods for the sulfur pressure determination seemed not too promising though as explained earlier
Kenworthy 6 used a transportation method and Shimazak.i and
Matsumoto12 used the Knudsen effusion method.
Ono and Sudo1 7 used an indirect method of hydrogen
reduction and determined the H2 S:H2 ratio for various flow
rates, extrapolating to zero .flow rate.

Like all of the flow

rate methods it has serious error in extrapolating to zero
flow rate.

22 used the hydrogen · reduction method with·

Jaim

recirculating technique, a m~thod similar to that used by
various other investigators, for both germanium mono-and disulfides.
Then attention was directed. to the reaction':
GeS2

~

3H20

= Ge02

+.2~S

1
A method similar to the one used by curlook and Pidgeon 9 for
magnesium su_lfide was used.

Instead of using zinc aceeatee

as the absorbing medium, iodine was used.
the carrier gas.

Argon . ·was used as

An attempt was made to use a reci~rculating ·

13

system which resulted in failure, as the partial pressure of
hydrogen sulfide over water was much more than over germanium
disulfide, and thus a water bath could not be included ·in the
recirculating system.

Hydrogen as a carrier gas was also tried

as suggested by curlook and Pidgeon,

19

but in this c~se · i t

resulted in the reduction of germanium disulfide to monosulfide
and black crystalline germanium monosulfide dep<?sited on the
cooler parts of the furnace.
gation a flow method was used.

consequently, for this investi-

CHAPTER III

PREPARATION AND PROPERTIES OF GERMANIUM SULFIDES

In order to determine the thermodynamic properties of
germanium monosulfide and disulfide, i t was necessary to prepare these compounds.

A survey of the literature was made to

decide the method roost suited for the work.

In addition,

since for the determination of thermodynamic properties of the
compounds and their chemical analysis both the physical and
chemical properties are important, sorre of the physical and
chemical properties are considered.

I.

PREPARATION OF GERMANIUM SULFIDES

Direct synthesis of metal sulfides from their elements
is very convenient, where metal in pure form is readily available, but the control of co~position entails the use of a bomb,
which can lead to difficulties if the partial pressures of the·
compounds are very high.
In general, sulfides can be prepared by precipitation
from the solution of the metal ions with hydrogen sulfide,
but the dry method is to be preferred to avoid oxidation during
heating and contamination by hydrolysis.

Sulfides can be pre-

pared from metal compounds by dry methods; either passing
hydrogen sulfide or sulfur vapour over metal oxides

15

or the chloride.

The lower sulfide can be prepared from the

higher sulfide by reducing with · hydrogen gas.
Preparation of Germanium Monosuifide.
Review of the literature.
first prepared by Winkler

23

Germanium monosulfide was

(1886), by heating germanium

disulfide and metallic germanium in a current
of carbon dioxide.,
.
.
and also by reducing the disulfide in a current of hydrogen.
Later Dennis and Joseph~

4

(1927) reported th.at .the optinum

temperature for the reduction of germanium disulfide by hydrogen lies at about 480°C.

Pugh2 5 (1930) confirmed that germanium

disulfide did not commence to voltali~e below 480°.

These

m~thods involve the preparation of germanium disulfide, which
itself is difficult to prepare.
Pugh

2

5 (1930)_tried to prepare monosulfide directly from

the germanium dioxide, by p_a~sing over the geJ;manium dioxide,
sulfur vapour and late~ hyd~ogen sulfide, but in both cases
i t resulted in the higher sulfide.

But using a-mixture of

hydrogen sulfide and hydrogen at 600-700°C, the crys,talline
germanium monosulfide was obtained with only . :traces of germanium disulfide.
Dennis and Hulse

26

(1930) prepared germanium monosulfide

by passing hydrogen into a hot solution o~~ermanous chloride
until the solution has cooled to room temperature.

The pre~

16

cipitate under these conditions was dark· red in color and
amorpb:ous in nature; while if the precipitation was done in
cold solution., it yie~ded light .yellow, gelatinous precipitate.
Water was removed by heat1ng at 300°C in a nitrogen anunosphere
and the precipitate changed to black crys~alline germanium
monosulfide when held at 450°C in nitrogen for few hours.

27

Everest and Terrey

(1950)

prepared the monosulfide by pass-

ing hydrogen sulfide into a solution of bivalent germanium in
hydrochloric acid, the solution was neutrali·zed with ammonia
. and then hydrogen sulfide was introduced.

They showed that

i t was difficult to prepare germanium monosulfide free- of
germanium dioxide and disulfide.
Another method of interest is the method of prepara-

.

28

tion of germanium monosulfide by Johnson and Wheatley

(1934)

by direct volatilization of 9ermanite.
Methods used in this.investigation. · The wet methods
of preparation of germanium monosulf.i de are both time con.s~ing
and present di_fficul ties as regard the subsequent purification.
Of the dry methods, .of preparation, the use of· a mixture of
·h ydrogen sulfide and sulfur vapour over germanium dioxide
results in small traces of disulfide and dioxide.
Reduction of germanium disulfide with hydrogen was
tried.

Germanium disulfide wa·s placed in a combustion boat ·
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and inserted into a vycor glass reaction tube, such that the
combustion boat was in the hottest zone of the furnace.
Hydrogen gas was pass~d at 500-600°c, and. black crystal1ine
germanium _monosulfid.e c9ridensed. at the colder parts of the
furnace.
This method took a long time, as i t entailed. the preparation of germanium disulfide; attention was then diverted
to other methods 0£ preparation.
elements was tried.

Direct synthesis from the

Eagle-Pieher pure. germanium metal was

mixed with flowers of·sulfur in equivalent amounts and ground
together.

About 10 grams of the mixture was taken in a vycor

tube 3/4 inch in diameter and lO ·inches long.

The tube was

evacuated and filled with helium gas and. was heated with a
gas burner till the whole mass was molten and the reaction was
completed.

During the heating, the burner was moved up and

down to bring back the sulfur and germanium monosulfide in
contact.

The tube was then allowed .to cool under helium

atmosphere.

The mass was then ground and sublimed in heliwn;

germanium monosulfide condensed at the colder parts of the
tube.
An x-ray diffraction pattern of the resultant product
was·taken; · the pattern of both sublimed germanium monosulfide
and the one produced by the reduction of germanium disulfide
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was not identical.
The method of direct synthesis s~ems -to be much quicker
and subsequent · subli~ation ensures high.purity.

For the vapour

pressure study germanium monosulfid.e prepared. by this method
was used..
Preparation of Germanium Disulfide.
Review of the literature.

Germanium disulfide is in-

soluble in strongly acidic solutions.

It was this property

which led. to the discovery of the element by _Winkler2 3 (1866).
He believed that the element that he was seeking should preci.

.

pitate as the sulfide from slightly acidic solution.

When he

could not .bring about precipitation under these conditions he
became:. discouraged and in a moment· of frustration poured in a
large quantity of hydrochloric acid.

A heavy flaky white

precipitate immediately appeared and · was subsequently. iden~ified as germaniwn disulfide.

This method of preparing gerrnanium

disulfide from .strongly acidic solutions by hydrogen sulfide is
still used with only minor variations from the original procedure.
In this method a high concentration of acid. is required and. the
washing process is very troublesome because the cake forms
channels on the filter.

In view of this attempts were made

to pr.epare germanium disulfide directly from germanium dioxide.
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Pugh

25 (1930). on

heating germanium dioxide in a

current of hyd.rogen sulfid.e at

600-700°c,

found. that the sub-

limate at the hotter parts of the furnace was practically pure

•

white crystalline germaniwn disulfide and on the cooler parts
consisted of black lustrous crystals of almost pure germanium
monosulfide·.

The great bulk of the material was a mixture of

the two, the disulfide forming about

90% of the total.

The

formation of monosulfide was prevented. by carrying out this
operation in the presence of sulfur vapour.

He reconunended

·that the best method was the sublimation of germanium monosulfide in sulfur vapour.
Another method of interest is .the one used by Ono and
Sudo1 7

(1955);

they prepared .g ermanium disulfide by dry synthesis

from the elements.

Pure germanium and. refined sulfur were

mixed in the ratio of components in germaniwn disulfide, and
charged into a hard. glass tube; the tube was evacuated and
a

sealed off.

The bomb was then heated. with/gas burner until

the combination of the elements was completed.
was slowly heated to

600°C

Thereafter i t

in an electric furnace for 24 hours.

The tube was then cooled· and the residue which still contained
some sulfur was removed, crushed and excess sulfur . distilled
off.by heating at

450°C.
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Method used in this investigation:.

Preparation of ger-

manium disulfide by wet methods seems to be both cumbersome
and time taking, and. the method used by Ono and Sudo involves
the use of a bomb and the· final product which contain excess
sulfur and requires distillation·.

It was ·aecided to try the

preparation of germanium disulfide by the method used by Pugh.
High purity germanium dioxide from Eagle-Picher Co.
was used.

Germanium oxide, in a -porcelain boat was placed into

a reaction tube of qua~tz, which was open at.both ends.

High

purity hydrogen sulfide gas entered from one end of the tube
and the other end served as the exit for the gas from which
i t passed to the bubbler which ·was provided to avoid cold air
being sucked. back in.

The tube was placed in a horizontal

tube type electric furnace, the temperature of which was controlled by the regulation of power supply to the furnace by
means of a 20 ampere, variable transformer.

The furnace was

provided. with a temperature indicator, ~n1ich read the temperature direct in centigrade degrees.
The porcelain boat was placed such that i t was in the
hottest zone of the furnace.
Dow Corning Silicone rubber.
was ·started..

The apparatus was sealed with
The hydrogen suifide gas flow

After flushing for

15 -

20 minutes, the furnace
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was started, and the gas flow was adjusted to 3 - 4 bubbles
per minute.

Germanium oxid.e was heated for 20 hours in a

current of hydrogen sqlfide at 500-600°c.

After 20 hours

· the furnace was _shut off ·an~ the gas flow was oontinued till
the furnace cooled down to room ·temperature; in this stage the
gas flow was lowered down to 1 - 2 bubbles per minute.

When

the furnace had cooled down to room temperature the boat was
taken out and placed. in the desiccator.

The samples were then

analyzed and. an x-ray diffraction pattern was taken for identification.
X-ray diffraction patterns showed in some cases that
germanium dioxide was present.

In all the samples shown by

in no case was the presence .of germanium monosulfide shown
by the x~ray . diffraction pattern.

Pugh suggested the use of
.

high temperature 700 vapour.

.

8oo~c, and hydrogen sulfide and. sulfur

In one case the furnace was raised to a higher

temperature in.the order of 650 - 700°c, and. after the run it
was noticed the boat had very little residue and most of the
g~rmanium disulfide had collected at the end. of the tube. ·
It was also noticed that if the tube was kept · at higher temperatures ·some blackish powder collected
at the edges . of the tube •
..
So the tube was kept on the lower temperature side and more
time was given for the reaction to complete.
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No further attempt was made to purify the product as
no germanium monosulfide was detected by· x-ray diffraction
study and the presence of germanium dioxide could be tolerated.
·because
for the .thermodynamic work germanium disulfide had to
.
be mixed with germanium dioxide.
II.

PROPERTIES OF GERMANIUM SULFIDES

Properties of germanium disulfide.

cry.s talline ger-

manium disulfide forms white, pearly scales and arborescent
.

growths of specific gravity, d

40

.

• 2.942.·

It melts at about
14°
800°c to a dark liquid, which solidifies to an amber colored.

glass with a density of d. _5.81.

The compound · is wetted by

water only with . difficulty and is resistant to attack even
by boiling concentrated acids • . Concentrated nitric·acid..and
hydrogen peroxide attack it. ~lowly and oxidize it · to germanium dioxide.

It is read~ly soluble in hot caustic alkalies

and in· ammonium hydroxid.e .
Pugh25 (1930) heated germanium disulfide in a current
of carbon dioxide.

At 48o~c no trace of sublimate had appear-

ed in 2 hours, but at

Boo -

850°c sublimation -became very

rapid and melting to~k place around 8o0°C.
.

·,

· Properties .Q!. germanium monosulfide.

Germanium mono-

sulfid.e obtained by the reduction of germanium disulfide and
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from direct synthesis is crystalline in.nature.

It consists

of black, glistening, opaque crystals with a high lustre resembling iodine crystals.

The crystals are of different·

habits, most of them beirig in the form of thin_ plates and
needles, but occasionally large · fern like.growths occur.
It
40
2
has a specific gravity of a
, 4.012. -5 According to Dennis 26

14°

3.78.

it has a specific gravity d~~:
According to Pugh

25 (1930)

crystalline germanium mono-

sulfide;. imel ts in the neighborhood of
and -rapidly volatilizes above

(1930)

650°c,

530 °C

to a black liquid

but Dennis and Hulse
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reported that it melts under nitrogen atmosphere at

and begins to sublime at

625°c

430°C.

The crystalline mass .is difficult to dissoive and is
attacked very slowly by acids and alkalies even at boiling
temperatures.

When the material is powdered, concentrated

hydrochloric acid attacks, i t slowly giving hydrogen sulfide.
Dilute nitric acid attacks sl.o wly while the · concentrated nitric
acid reacts vigorously with the separation of-sulfur ang
gennanium dioxide.

Finely _powdered material is readily soluble

in hot caustic
alkalies, and acids
precipitate from the alkaline
.
.
solution an am_c;>rphous reddish precipitate of german.ium monosulfide.

·rt is difficult to dissolve in ammonium hy¢lroxide

and in armnonium sulfide but is more soluble in ammonium
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polysulfide.

Acids precipitate white germanium disulfide from

• Q,,

the anunon~cal solution.

It can be dissolved in ammonical

hydrogen peroxid~, wi.t hout separation of any free sulfu:r;.
There is some reduction
at high temperatures.

of

germanium monosulfide with hydrogen

It reacts with chlorine and bromine in

the cold with the evo1ution of a consid.erable·amount
of heat.
.
.
Precipitated. germanium monosulfide is a dark red amorphous substance with a density of 3.• 31 at 20°C. 24

It is

readily soluble in di~ute hydrochloric acid.but is only slowly attacked by sulfuric, phosphoric, or organic acids.

It is

readily oxidized by hot dilute nitric acid and by aqueous
solutioJ:l6of hydrogen peroxide, potassium permanganate, chlorine
and bromine.
The r·ea. monosulfide is readily soluble in solutions of
alkali hydroxide and sulfi¢ie~, forming_ deep, red solutions · from
which red viscous ·1iquid.s separate upon the addition of alcohol.
The monosulfid.e is slowly oxi'dized. in air at 350!~C and rapid.l y
at high temp.eratures, forming germanium dioxide and.sulfur
dioxide.

When it is heateq in hydrogen chl0ride to about 150°c,

trichlorogermane
and hydrogen sulfide are
formed.
.
.

When red

amorphous germanium
monosulfide. is held at 450·°C ~n an atmosphere
.
of nitrogen it changes in a few hours to the black crysta:1..line
germanium monosulfide. 2 9.
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III.

X-RAY DIFFRACTION

Review of the literature.

Zachar.ia.sen30 (1932) de!:er-

mined. the crystal struct1.~.re of germaniwn monosulfide by the
Laue method, the oscillating crystal method and the powder
method.

Germanium monosulfide has an orthorhombic unit cell

with dimensions:
a= 4.29

± O.OlA,

b

=

10.42 :!: 0.03A,

corresponding to the axial ratio:

c

=

3.64 ± O.OlA

0.412 :l:_0.349. it corrob-

orated the earlier work of Dennis and Hulse, who reported the
isomorphism of germanium monosulfide and stannous sulfide, as
the axial ratios of stannous sulfide (0.3883:i:0.3566) and
that of germaniwn monosulfide are very similar.
Zachariase:m3° establis~ed. the structure of germanium
monosulfide.

A german~um atom is surrounded by six sulfur

atoms at distances 2.47A (one S atom), 2.64 (two atoms), 2.91
{one atom), and B.OOA (two at~ms).

The six sulfur· atoms around

each germanium atom form a somewhat distorted octahedron. The
germaniwn .atom is not lying at the center of the octahedron
but is displaced. towards one of the octahedron faces.

We can

say that germaniwn is surrounded by three sulfur atoms at an
average distance of 2.58A and by three other sulfur atoms at
an average distance of 2.97A • . 'rhe distance of approach bet~een
two sulfur atoms is 3.55A, other distances being 3.64A and 4.29A.
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Zacharia:;en

(1936) determined the crystal structure

of germanium disulfide, by using the oscillation method,
oscillating around one of the crystallographic axes (b) ·• . The
crystal proved to be orthorhombic with the following dimensions
of the pseudo hexagonal unit cell:

a

= 11.66 ±

o~05A,

b

= 22.34 ± o ..lOA,

c

= 6.86

:1: . o.03A

Zachari~ established the structure of germanium disulfide.
A germanium atom is bonded to four -sulfur atoms situated at
the corners of slightly distorted tetrahedra with germanium
at the center.

The Gewis distance is

2.19A • . Ev~ry sulfur atom

is linked to two germanium atoms, the bond ·angle being 103°.
The GeS4 tetrahedra are linked together {by sharing corners
only) so .as to form a three -dimensional. tetrahedral network,
somewhat similar to the network found for Si"2and differ from
these in value of bond angle, which in low quartz is 104°, in
the other forms it is still· grea.t er.
· Neither of these works mention the methods of the prep~
aration of the crystals nor is their chemical analysis given.
Ono and Sudo have given the x~ray diffraction photographs of ·_germanium mono and disulfide.,. but they are not clear,
and cannot be_ used for comparipon.
Experimental work.

X-ray diffraction patterns were

taken for identification of phases present.

No standard

27

pattern was available, so the one prepared. was taken as the
standard. and the phases identified accordingly.

The x~ray

diffraction pattern for germanium monosulfmde obtained.was
the same in both sublimed and the one produced by reduction
method.

There was no peak of germanium present.

In case of

germanium disulfide no germanium monosul~i_d e peak was pre~ent,
though in a few samples peaks of germanium dioxide were present.
The x-ray diffraction pattern of germanium dioxide is tabulated
in the appendix I.

IV.

CHEMICAL ANALYSIS

Determination of Germanium.
Review of the literature.

Germanic sulfide is usually

converted to dioxide by repeated treatment with nitric acid
followed by evaporation and ignition to expel sulfuric acid
from the residual oxide.

It is known that this reaction is

very violent and if the acid is diluted to cut·down the violence
of the oxidation, much free sulfur ~Jeparates which is difficult

·
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to remove.

Dennis and Huls.e, 26 determined 9ermani·um by dissolving
germanium monosulfide in dilu~e ammonium hydroxide and

3%

hydrogen peroxide that had been redistilled to free it from
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r~sidue, evaporating the solution to dryness and carefully
igniting the resultant Ge0 2
Muller and Eisner3 2

•

(1932)

determined germanium by

co~verting germanium sulfiae to germanium oxide by simple
hydrolysis in which all the sulfur was removed as hydrogen
sulfide.

Into a suspen~ed solution of g ·e rmanium sulfide ~arbon

dioxide gas was bubbled and hydrogen sulfide th?t was given
off was absorbed in copper sulfate solution.

The· solution

was '.;>oi~ed. and gerroa:niµm sulfide was thus converted. to . a
finely _crystalline germanium oxide which settled to the
bottom.

The residue was filtered, washed. and. ignited at

900°c and weighed.
Method used.

The Muller and Eisner3 2 method was tried

but due to the difficulty of passing carbon dio~ide.to ensure
complete removal of hydrogen.sulfide, and hence this method
was not used.

The -Dennis and . Hulse method of oxidation of

germanium sulfides with-hydrogen peroxide in the_presence
of anunoniacal solution and evaporating to dryness was used,
but reliable results could -n ot be obtained.

-

Determination of sulfur.

Sulfur ~s determined by dis-

· solving·. the sulfide in ammonia.9al solution and ·then oxidizing
the.sulfide to sulfate by using hydrogen peroxide as the oxidizing reagent; the sulfur is precipitated as barium sulfate,
by the addition of barium chloride solution. · Barium ·sulfate
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residue is.· then filtered, washed, ignited and weighed.
Procedure.
weighed.

Germanium sulfide was finely ground · and

The sulfide was then dissolved in concentrated anunonium

hydroxide after the sul·f ide had dissolved.· and hydrogen peroxide

3%

solution-was then added.

After the reaction was completed,

.w hich was marked by absence of effervescence, the solution was
neutralized with dilute hydrochloric acid.

To the neutral or

very slightly acidic solution a saturated s .o lution of bariwn
chloride.was·added.

The precipitate was then kept overnight

and then filtered and. washed with 4istilled water to which a
small quantity of hydrochlor~c acid had been a4ded.

The pre-

cipitate was then dried and then ignited at 600-700°C and the
amount of sulfur was calcuiated.
The purpose of the addi~ion of dilute hydrochloric
acid was to avoid the co-precipitation ·of germa!t1ium hydroxide
along witl) bariwn sulfate.

care was taken to ensure that the

sulfide was completely. dissolved in the ammon~ sol~tion,
as the cry·s talline germanium inonosulfide dissolved with_ .great
difficulty, and if hydrogen peroxide was·-:added without i t being in ·solution, it di_rectly e:onverted th~ sulfide . to oxide .
which remained suspended .in the solution and gave erroneous
results.
Results and a _sample calculation is given in appendix

CHAPTER IV

VAPOUR PRESSURE STUDY - THE APPARATUS AND
EXPERIMENTAL PROCEDURES

The e .x perimental technique of .t he vapour · pressure
studies consisted of measuring the boiling point of germanium monosulfide, in · an atmosphere of helium at varying
partial pressures.

At the temperature at whi'ch germanium

monosuJ.fi.d.e vapourizes, its vapour pressure is equal to the
pressure of the filling gas.

I.

THE APPARATUS

The apparatus used in this investigation can be divided into two parts; the reaction apparatus; and the. gas supply
and pressure regulating system.

The entire apparatus :: is

schematic~lly shown in Figure 1, and photographically depicted in Figure 2.
Reaction apparatus.

The reaction apparatus consisted

mainly of three parts, the furnace, . the reaction tube, and
the temperature recorder.
Furnace.

A section of the furnace is shown in Figure

The furnace was prepared by taking two 1 1/4 and 1· 3/4 inch
diameter porcelain tupes with spiral for. the windings.

The

3.
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Chramel-Alumel
Thermocoupla .

To vacuum
pump

Trap bottle

f.Urnace
Trap bottle
manostat

B~bler

Helium from tank
Fig. 1

SCHEMATIC DIAGRAM OF. VAPOUR PRESSURE
APPARATUS
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Fig. 2

THE APPARATUS USED FOR
VAPOUR PRESSURE STUDY

R\l'bber
Seal

Chro:mel-Alumel
Thermocouple

yycor tube
uo~~1---Heating
Elements

Insulating
Bricks
GeS

·Reaction Tube
Furnace
Fig. 3.

REAC'.rION TUBE AND FURNACE ASSEMBLY

FOR VAPOUR PRES~ APPARATUS
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· winding consisted. of nichrome ~ire, 19 gage for the inner and
21 gage for the outer tube.

The windings were connected in

series; connections were made from the outside of the furnace
so that they could be . connected in parallel or a single winding could be used.

The win~ings were then lowered. into the

hollowed. part of two insulating ·bricks, s·o that the windings
just fitted into these ~nd no space was left.

The two

insulating bricks were then clamped by an alwni?um strip,
.

.

which was wrapped. arouna the bricks . and th~n the two ends
clamped by a nut and a bolt.

Then through the inner winding

tube, another l inch diameter, quartz tube was lowered and the
voids between the winding and the insulating.bricks, between
the two winding tubes, and between the ·inner winding tube and
the quartz tube: were filled. with;:silica powder.

The ·top of

the furnace was then c_losed by using an insulating brick block,
through which a hole of 11/8 inch was dr~lled for the quartz
tube.
The furnace was then conn·e cted to a variable transformer 20 ampere powerstat, through a fuse of 10 ampere.
transformer was then connected to/110 volt supply.

The

The variable

transformer was used for controlling the rate· of heating and
cooling.

The electric connections ·a re shown in Figure 4.
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Furnace
Heating
Elements
110

V AC

Powerstat

Fuse

Fig. 4
FURNACE ELECTRICAL PO"JIER CONTROL
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The reaction tube consisted of a 3/4

Reaction tube.

inch diameter, 10 in~hes long vycor glass tube.

The tube was

closed. by a r _u bber cork, with a 9 nun pyrex glass • T' •

The

_ arm of the • T', was connected to the gas supply and the .
pressure regulating apparatus: through the open end outside
the reaction tube, a

7

one end was closed..

This tube served as .t he thermocouple .

mm vycor glass tube was passed, whose

protection, the junction of the two tubes was s.ealed by using
a rubber tube to tightly close the junction.

No leak was

detecte.d as the pressure in the tube was always less than
one atmosphere, this actually served as one way_valve.
Temperature recorder.

A chromel-alumel thermocouple

was lowered into the procection tube.

The cold junction was

connected to the recorder, ·mod.el no. 113RLP-53·

The :tempera-

ture recorder waa ad.justed with the cam provided to have a
feed 9£

6

inches per hour. · The temperature recorder was

standardized hy using the melting points of zinc, antimony,
and ~e boiling point of water.

The recorder was correct

within± 2°F.
Gas ·supply and pressure regulating system.

This

apparatus ·. ~onsisted mainly of a gas supply train, pressure
regulating train, and pressure recording unit.
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Gas supply.

Pure helium was used.

supplied from a tank _at 2000 psi. gage.

The gas was
The tank pressure

a

was reduced to 1 - 2 psi. by using/single stage tank regulator.
The helium gas supply. was connected to the main train just
betore the manometer, which. was used. for recording the pressure
within the reaction tube.

The gas. supply could be cut off by

using a two-way stopcock.

Between the stopcock and the g~s .

cylinder a mercury bubbler was provided, which .served. both
as a safety valve while gas was pas-sing and was used as a let
off in _air while evacuating the system, as the gas supply to
the reaction was cut :·off by closing the stop~oc~.
Pressure regulating system.
by using a manostat.

The pressure was regulated

In the manostat a screw controlled the

pressure on the bell, which · was immersed in the mercury.

By

closing the stopcock •a•, the gas between the manostat and
the s~opcock was entrapped, which exerted its pressure on the
mercury in the manostat.

When the upper screw in · the manostat

was closed, the manostat was so adjusted that gas from the
reaction tube could only esqape if . i_ts pressure _w as more than
the pressure in the entrapped column, then the bell would be
raised·and the excess pressure release4.
evacuated by.using .a vacuum Pl.UUP·

The

excess gas was

The vacuum pump used was

a Duo Seal vacuum pump from Welch Manufacturing co.

The
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vacuum pump was also used. to evacuate the air present in· the
tube and the apparatus.

Between the vacuum pump and m~nostat

an air outlet was provided to let·in air if desired.

At both

ends of the manostat flask were provided to act as a trap for
the mercury in case i t w~s thrown out of the manostat.

The

flask before the manostat was p~rtially filled. with activated
alumina to absorb the moisture~
Pressure indicating unit.
in the reaction tube, a

·•u•

•u•

For indicating the pressure

tube type manometer was used.

The

tube was filled with pure mercury, one end of the tube was

open to atmosphere and the other end. was connected to the ma-in
.

train just before the reaction tube.

.

The difference in the

level of · mercury in -two ends measured directly the difference
in pressure between the reaction tube and atmosphere.

A

scale gradua_ted into centimeters was provided · to read the
difference in centimeters.

Atmospheric· pressure was . then

read. from the barometer.

II. PROCEDURE

Sublimed germanium monosulfide was ground and poured

.

into the vycor reaction tube such that i t surrounded the tip ·
of the thermocouple protection tube completely.

The tube was
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tightly closed with the rubber cork.

The tube was then

lowered. into the furnace such ·.that the lower part of the
tube

was at the hottest zone.

to the stand.

1

The arm of the

The tube was then clamped

T 1 , was then connected by the

rubber tubing to the regulating apparatus.
The vacuum pmnp was then started and stopcock •a•,
the manostat screws, and the stopcock

•v•

(near to the

vacuwn pump) were opened in the order mentioned.
was then evacuated..
the stopcock

•v•_,

The air

When the mercury column had stopped rising;

was -closed.

The gas cylinder was then open-

ed and.pressure adjusted to 2 psi., and then the gas supply
stopcock • s• was opened.

When the gas in the tube was at

slight positive pressure, the gas supply stopcoclc •s• was
then ciosed.
the gas.

The stopcock

•v•

was then opened to evacuate

The reaction tube and apparatus was thus flushed

three.times to remove the traces of air from the system.
After the·.flushing was completed, stopcock_

•v• _,

was

closed and stopcock • s•, was opened· slC\f!lY and. ·the gas pressure
adjusted.

When the manometer reading was at the_ pressure

desired, the gas supply was cut off and and. stopcock
closed.

The manometer stopcock •a•:. was closed.

screws were then tightened.
then opened..

•s•

was

The manometer

The vacuum pump stopcock was

In case there was no movement of mercury the

setting was .cor·rect, and the reaction tube would remain at the
desired pressure durtng the experiment.
The t~mperature recorder was set and. corrected. for the
room temperature, and thermocouple leads connected to the
recorder.

The recorder was then started.

The powerstat was then connected to .power supply and
slowly ad.justed for the rate required.

In the investigation

the voltage_was stepped. down from 110 volts to . 80 volts.
When the germanium monos1:1lfide vapourized it was shown by a
straight line on the recording graph, showing that the temperature remained constant d.uring that period.
instant the manometer reading was taken.
then read.

At that

The barometer was

The barometer reading minus the manometer reading

{the difference between the.two mercury levels) gave the
pressure of the filling gas in the reaction tube, and was the
vapour pressure of germanium monosulfide {liquid) at the
temperature (from the graph) of vapourization rec~rded.•
When the temperature of the furn~ce had gone about
100°F, above the boiling point, the ~urnace was . _then s.topped*,
the thermocouple tube was pulled out and the reaction tube
was taken·. out of the furnace and rapidly cooled in a1r.

.

*

When

In this investigation only heating curves were taken
cooling -curves could not be obtained as the sample was small
and most of it vaporized, but · even with small amount left,
the cooling curves did not show the break s~arply.

4:,.

the tube had.cooled down to room temperature it was opened.
Germanium roonosulfid.e. which had condensed at the colder part
of the tube as a ring was then scraped off.

A part of the·

powder was then taken for x~ray work and the rest was used
for the subsequent study.

CHAPTER V

THE EQUILIBRIUM STUDIES

THE APPARATUS AND EXPERIMENTAL PROCEDURE

The experimental technique of the equilibrium studies
consists mainly of measuring the ratio of the partial
pressures of hydrogen sulfide and H2 0 in a mixture of arg.on

-H20-H2S, which is in equilibrium with a germanium dioxide
and germanium disulfide mixture in -a flow type equilibrium
apparatus.
I.

THE APPARATUS

The apparatus used in this investigation can be divided
into three maJor por.tions:

the ga-s purification systera, the

saturating system, and. the equilibrium apparatus.
apparatus is depicted. photographically in Figure
Gas purification system.

The entire

5.

A schematic diagram of the

gas purification system is given in Figure 6 and photographically depicted. in Figure

7.

The system was composed -entirely of

9 mm pyrex glaS3 tubing with the exception of tygon tubing between the argon cylinder and the pancake regula~or, and the
connection from the purification furnace to the pressure
relief bubbler and the pancake regulator.
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Fig.

5

THE APPARATUS USED FOR
EQUILIBRIUM STUDY

44

Argon frcm tank
To vacuwn
pump

Pan~ake

r~gulator
Auxiliary
system
gas

flow

purification
furnace

Bubbler
Bubbler
Reservoir
bottle
Pig. 6

SCHEMATIC DIAGRAM OF GAS
PURIFICATION SYSTEM

Flow
meter

45

Fig.

7

GAS PURIFICATION SYSTEM
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The ~as purification system consisted of two separate
gas trains which were connected by a three-way stopcock.

One

of the gas trains was not used. and labeled the auxiliary gas
system.

The auxiliary gas system was isolated from the

remainder of the system by . a two-way stopcock.

The system was

also connected to a vacuum pump through a manometer shown in
the Figure,5, this was not used in the investigation and

.

isolated from the apparatus by a two-way stopc.ock.
Linde standard grade argon was used..
suppli~d in the tank .f orm at 2000 psi. gage.
pressure
was reduced to
.

15

The g~s was
The tank

psi. by using a single
stage tank
.
.

regulator obtained from Matheson.

The pressure was f·urther

reduced. by using a pancake regulator to 2

3/16 psi.

After leaving the pancake regulator, the argon was
passed through · the gas purification furnace.

The gas purifica-

tion furnace consisted. of .a .reaction tube of pyrex glass and
porcelain boats containing-~itanium powder.

The titanium

powder was heated to 500°C to remove any traces of oxygen in
the argon.

The temperature of the: .' furnace was controlled by

controlling the power input to the furnace with a variable
resistor ·p laced in series with the 110 volt
A

A.c.

power supply.

chromel-alµmel thermocouple.was placed next to the furnace

windings to indicate the temperature on the direct reading
indicator provided.
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From the purification furnace the piur~fdiem

argon

entered a 20 liter, pyrex glass bottle which served as a
reservoir.

~

rubber stepper was used to make connection

between the bottle and the glass tubing.
was sealed by High-Pyseal ~ealing wax.
was connected to.·· indicate the pressure.

The ~bber stopper
A

mercury manometer
The .. large::capacity

of the bottle served. to provide a constant gas flow through
the flow meter.
A mercury bubbler was placed in the gas lin~ between
the gas purification .furnace and the reservoir bottle.

The

mercury bubbler was constructed in such a manner that the
mercury level could be ad.justed by lowering or raising a level
bottle connected. to the bubbler~

The mercury bubbler was pro-

vided to act as a safety· valve in the event of the possible
failure of the pancake regulator.

The mercury level was

adju~ted to correspond. to -a . gas pressure slightly greater
than 2 3/16 psi.
From the reservoir . bottle the argon was passed into a
drying chamber containing boats of ~hosphorous pentoxide

(P205)·

Actually in this investigation these boats were not used as
the argon had to be saturated with wa~er vapour later, so no
,

attempt was .made to change th,ese bo.ats during the investigation.
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Two valves were placed in the gas iine to isolate the
.

.

purification furnace_ and the reservoir bottle from the remainder of the system.

By closing these two - valves the argon tank

or the boats of

5

P20

-could be changed without the necessity_

of releasing the pressure from the furnace and the reservoir
bottle.

These two valves were placed after the pancake

regulator and before the drying chamber respectively.

The

system was found to be pressure tight as there.was no reduction
in pressure after the furnace and the reservoir bottle had
been isolated for several hours.
The flaw rate of the argon was contrqlleµ by a manostat
teflon needle valve with a special glass to valve assembly.
The valve was designed for the control· of liquid flow, but
was found to give excellent results for the control of gas·
flow.

The needle bulb gave accurate adjustment of the flow

rate ?etween 5 and 320 c.c •. per minute.
The flow rate was measured by a · carefully cal_ibrated .
manometer type flow meter •.

Dibutyl pthalate was used as the

manometer filiuid because of its low pressure at room temperature.
Two three-way stopcocks were placed in the gas line between .the·. £-low meter and the saturating apparatus.

The first

stopcock coxmected the dibuty+ pthalate ·. bubbler to the gas
line and the second connected the argon gas system and the
auxiliary gas system to ·the saturating apparatus.
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The gas flow could be diverted. from the saturating

apparatus to the bubbler; providing a means of starting the
gas flow prior to the use of the saturating apparatus.
The vacuum line in this apparatus was not used in this

i~vestigation.

Some experiments were done in the beginning

to determine whether a recirculating system could be used or
not; the vacu~ line was used for this.
The saturating apparatus.

A schematic ~iagram of the

saturating apparatus is given in Figure 8 and phot~graphically
depicted in Figure 9 •.
The function of this apparatus was to s~turate the argon
gas with water_ vapour at the temperature slightly bel"ow room
temperature, so tha: the amount · of wat·e r vapour in the gas
mixture entering the reaction tube was known.
From the purification app~ratus, argo~ gas was bubbled
into the pyrex glass bubbler filled with water.

From the

presaturating bubbler the argon gas and. water vapour mixture
was bubbled into the second bubbler which was kept at constant temperature in a water bath.

From the . second bubbler,

the argon gas saturated with water vapour at the temperature
of the wa.ter bath was led to the equilibrium. apparatus.
The w~ter bath was mad~ of a rectangular glass trough,

9 inches x 6 3/4 inch in section and. 8 inches in height.

A
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Fig.

9

THE SATURATING APPARATUS
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cooling coil made of copper tubing 1/4 inch in diam~ter,
served as . the i~ner lining of the_trough.
water bath a water bath heater was used.

For heating the
The .heating .rate was

controlled by control.ling the power supply to the heater.
power supply was controlled by means of a
variable transformer.

The

7 1/2 ampere,

The transformer was connected in series
The relay was actuated by a bath

with an electric relay.

temperature regulator, which was filled. with mercury, and. as
long as the temperature of the bath was above the temperature
at which it had been set, the upper level o·f mercury made
contact and. the current was passed through the mercury which in
turn broke the contact between the power supply and the heater.
The bath temperature regulator was connected. · to a 6 volt supply
for actuating the relay mechanism.

When the temperature of

the bath had dropped, the contact with the mercury·was broken
and relay c'onnected. the po:w~r supply to the· heater, ·which in
turn heated the bath.
controlled within

The.temperature . in the bath could be

o.05°c.

For the _equalization of temperature,

an aeromix type stirrer was used.
In the saturating apparatus the connections were made
of tygon -tubing.
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The equilibrium apparatus.

The equilibrium apparatus

is depicted schemati_cally in Figure 8 and photographically in
Figure 10.
The equilibrium appatatus was of the flow type, the gas
mixture of argon and water vapour was passed over the charge
of GeS2 and Ge02.

From the reaction tube the mixture along

with the product H2S was taken to the sample bottle.
The apparatus consisted of a vycor glas.s reaction tube,
and a pyrex glass sample bottle.

The reaction tube was connect-

ed to the sample bott.l e by tygon tubing.
The reaction tube and furnace assembly are shown in
Figure 11.

The reaction tube was constructed from 19 nun. vycor

glass tubing, and connections were made on both ends of the
furnace by means of a series of glass joints; both spherical
and conical

joints were used.

The vycor glass thermocouple

prot~cting tubing was sealed to the reaction tube with HighPyseal sealing wax.

A spacer constructed of vycor glass tub-

ing was placed between the boat and the end of the reaction
tube to decrease the possibility of thermal segregation of
the gases in the reaction .zone.
Th.e furnace was a hinged type tube furnace, containing
two separate. heating coils.

?eing hinged the furnace could

be opened to permit the rapid cooling of the tube and the
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Fig. 10

THE EQUILIBRIUM APPARATUS .
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REACTION TUBE AND PURNACE ASSEMBLV'FOR
BQUILIBR?ml APPARA'lVS

-

sample.

Asbestos paper gaskets, constructed from 1 1/2 inch

asbestos paper tape, were placed ar.ound the reaction tube on
each end of the furnace, to minimize convection currents and
increase thermal stability between the furnace and the tube.
The regulation of power supply to the furnace heating
element is shown in Figure 12.
controlled by means of a

7

Power to the furnace was

1/2 ampere, variable transformer.

The transformer was connected in series with a Wheelco, Model
402-s296, time proportioning controller.

The controller was

actuated by a chromel-alumel thermocouple which extended into the reaction tube to the end of the boat.
A Leeds and Northrup precision potentiometer,· Model No.
8662 was connected in parallel with the thermocouple-controller
circuit to measure the temperature variance of the furnace.
The temperature control was found to be within± 2°C.
From the reaction tube the gases were led to a bubbler
through a three-way stopcock; at the time the gas sample was
taken the gas supply to the bubbler was cut off and connected
to the sampling flask.

The sampling ·_nask was a 500 c. c. flask;

the gases were led into the flask through a glass frit and the
sampling. flask was placed on a magnetic stirrer.

To record

the temperature of the room ?)ear to the flask a thermometer
was placed by the side of the flask.
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II.

EXPERIMENTAL PROCEDURES

An appropriate GeS2-Ge02 mtxture in a 10 mm x

60

mm

porcelain combustion boat was placed in the reaction t1:].be.
The spacer was ad.justed and the cap replaced. on- the end of
the reaction tube.
The bath temperature regulator was then adjusted to
the.temperature desired by immersing the regulator in water
held at temperature, 46.3°~ above the temperature at which i t
had to be adjusted..
desired..

In this caseJtempera~u~e of 2·6.34°C was

The water was kept at 72. 7 °C.

Once the desired .
.

.

temperature was reached the regulator _was then _quicl~ly taken
out.

In the saturating bath along with the regulator another

thermometer was placed to help
ing and co9ling.

in

adjusting the rate of heat-

The water inlet was then op~ned and after

allowing water to run for a few minutes, the heater was start- ·
ed and. the air inlet to the aeromi::{er was opened.
ing the temperature ~ithin .the -limit of

o.05°c

For adjust~

the power

supply was ad.justed by using the powerstat variable transformer.· · As soon as the temperature was adjusted within the
.desired limit, the argon was passed· to flush the system.
Then argon - supply was stopped and the power supply to
both the purification furnace and the reaction furnace was
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started.

The controller was then adjusted. to the temperature

at which the reaction had to be studie·a .

The temperature of

the purification was kept within the range 400-500°C.
the temperature of the reaction furnace had reached
~emperature, the gas supply was started.

Once

the

desired

After flushing the

apparatus for a few minutes, the gas flow was then adjusted
with the help of a needle valve, which had already been calibrated.
The gas supply was then continued for 1/2 hour to
attain equilibrium a~ that flow rate.

After which the three-

way stopcock was opened to the sampling flask to which a
known amount of iodine of known strength was added and diluted
to a fixed mark; the stop watch was started · as the first bubble
of the gas started appearing.

In case at the start of the gas

supply,:.the flow meter reading changed, i t was adjusted to the
previous valve, in no case more than five seconds were allowed to lapse in readjusting the flow meter back. · This was
avoided by using in the auxiliary bubbler nearly the same
amount of water so that when the valve to the sampling flask
. was opened there was no or very little change in the flow meter.
Along with the watch the stirrer was started.
After 30 minutes the ~as supply was connected to the
auxiliary bubbler and excess of the iodine was titrated with
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sodium thiosulfate of known strength using Fisher stabl<? starch
as an internal indi;.~ator.

During the investigation,. it was

found that s .ome iodine remained inside the fri t.

This problem

was solved by removing the frit and washing the frit wi.th
distilled water., and taking the wash water with the solution
before titrating the solution for excess of i .o dine present.
Then the flow rate was changed. and after continuing.the
gas supply _for 1/2 hour another reading was taken in the same
manner.

After a number of readings were taken and_work at that·

temper.ature w~s ~ompleted, the gas supply was stopped, the
furnace power was shut off and the furnace was _then opened ·to
rapidly cool the residue.

The residue was then ground and an

x-ray diffraction pattern was taken for the ·identification of
phases.
standardizing of iodine solution.

Iodine obtained from

Fish~r co., had an approximate str.ength of N/10,· this soiution
was diluted to the approximate required strength·.

This wa~

standardized by titrating . with ·As20s, standard solution, as
follows.
Five cc. of As 2 0 3 solution were taken in a titration
flask; tb the solution hydrochloric a~id was· added until the
solution was acidic.
sodium bicarbonate.

The so~ution was then neutralized with
To the neutral solution

5

c.c. of stable
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starch solution was then added.
to nearly

~50

The solution was then diluted.

c.c. ~nd then titrated. with iodine solution; the

end point was indicated by the appearance of blue tinge.

From

the amount of the iodine used and the strength of the As 2 o3
solution, the strength of-the iodine was calcul~ted, the calculations are shown in the appendix III.
The PH

25

,

was calculated from the amount of the i .odine

used and the total amount of gas passing, which was calculated
from the flow rate of the gas and· the time taken; _the amount
of iodine used per c .• c., was calculated.

From· this the volmne

of H2 S, in one c.c. of gas was calculated •. Th~ amount of·
\oater vapour in the gases just- before i t entered the reaction
was the vapour pressure of water at the.temperature of the
water bath.

But at the exit, in the sample bottle, the

amount of the water is less by the amount that had _been used
up • . So the partial pressure of H20 will be vapour pressure
of water at that temperature minus the partial pressure of H2S.
so H2 S/li20 is given by PH

2

given in appendix

II.I.

s/

(lP~o- - _Pli2 8 ). ·calculations

CHAPTER VI

EXPERIMENTAL RESULTS

The experimental results of this investigation are
presented in three parts.

The first part is concerned with

the measured vapour pressure of germaniwn monosulfide, the
second part is concerned with the measured H2 S/H2 o mixture
which was _equilibrated with germanium disulfi<_le and germani-um
dioxide mixtures, and the third part is concerned with the
x-ray.diffraction data obtained for germanium monq7 and
disulfide phases.

I.

VAPOUR PRESSURE DATA

In this investigation the vapour pressure of germanium
monosulfide was determined between 1200-1455°F.
are tabulated in the Table 1.

The results

The~:temperatures · were read

from the heating curve obtained from a temperature recorder,
which was calibrated as explained .in the procedure, and was
correct within± 2°F.
The heating curve showed the boiling point of germanium monosulfide liquid.
ing curve indicate melting

Only in a few cases did the heat-

bf

a slight bend in the curve which

was generally near 1200-1260°F.

When the pressure·was _beiow

100 mm the heating curve obtained was not very sharp, but an
inflection was ob$erved.

In ·such cases the curve before and

after xhe inflection was extended, and the point of inflection
~as determined graphically.

consequently, the readings below

a pressure of 100 nun are no-t very accurate. In run No. 17,
where the vapour pressure was very small (only 0.8 mm) some
decomposition was observed with a slight bend. in the heating
curve at about 1370°F.
Some experiments (run No. 18 and 19) were conducted
using a graphite crucible, and condensing . i;he ge.r manium mohosulfide at _ the tip of a thermocouple tube.

The readings fall

within the general trend; however in most of these experiments
a s~arp temp~rature break ·was not observed.
The experimental data obtained are plotted in Figure 13
where log Pmm is plotted -verses 1/T.

The points of runs 13, ·

14, 15, 17;·:. and 19 do not fall on the same line as the other
readings.

A separate line was dra~, which shows that melting

may not have occurred and hence th~ cu~ve repr~sents the sublimation of germanium_monosulfide~ these readings we~e not
very accurate due to the low vapour p~essures involved.
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II.

EQUILIBRIUM H2S/H20 DATA

The region c 'o vered experimentally in this investigation
was within the temperature range of 410 to

560°c.

The results

are listed in tabular form in Table II.
The isotherms are depicted in Figures 14 to · 17, which
represent the variation in H2 S/H2 0 ratio with the flow rate.
Considering the isotherm at 460°C in ·the Figure 17, i t can be
seen that .the curve obtained in such cases (shown dotted)
will not be straight line.
can

be

The low values at high. flow rates

expected since at higher flow rates equilibrium is not
.

.

attained.

In the case of very low flow rates, the high value

can be -explained by thermal diffusion and the s~gregation _o~
gases in the reaction tube.

Consequently, a straight line was

drawn which is tangent to the intermediate portion of the curve,
thus, both the very low and very high flow rate values are not
used.

The straight line was extrapolated to zer~ flow r~te,

which was taken as the equi~ibrium value.

In ca·ses where i t

-is difficult to draw a definite line, ·the possible extrapolation
lines are drawn and mean value of the ·limits is taken for the
calculation of free energy equation.

The equilibrium values

of ~S/H~O {extrapolated to zero flow . rate) are tabulated in
Table VI, and represented graphically in Figure

18.
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The_isotherm at 495°C, does not follow this·trend.,
which may be due to _ the fact that in these runs a fresh sample
of germanium disulfide was used. which may have changed the
kinetic characteristics of the reaction, but taking the equilib-

:,;-ium value extrapolated to zero fl.ow rate, this value still
correlated with the other reac·fings (Figure 16).
Some experiments were conducted ~t 600°C, >but a wl}ite
powder which was am_orphous in nature cond.e nse9 on the colder
parts of the reaction tube.

The results obtained. ~ere erratic,

and c~nsequently no ;further attempt:·. was made to go beyond

560°G
III.

X-RAY DIFFRACTION DATA

X-ray diffraction data were obtained £or germanium
mono-ana disulfides.
copper K

°' radiation

The Bragg angle of d.iffraction . (20) for
and the relativ~ inten_s i ties of the diffracted

beams were ·the only data that were determined • . A North American
Philips Diffraction Unit e~ipped with a wide range goniometer
and chart recorder was used for obtain·i ng these data.

The data

obtained from these patterns are presented in Tables III, IV
and.

v.
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TABLE I

VAPOUR ;PRESSURE OF GERMANIUM MQNOSULFIDE
BETivEEN

Run#

Temp. OF

1200-1455

Temp. OK

°F

Pressure(p)
nun of· Hg.

1og Pmm

1.

1330

994.1.

232.5

2.3666

2.

1390

1027.45

342.1

2.5341

3.

1450

1060.8

520.0

2.7160

4.

1412

1039.7

421.0

2.6243

5.

1445

1058.0

578.0

2.7619

6.

1455

1063.1

665.3

2.8228

7.

1455

1063.1

702.0

2.8463

8.

1430

1049.6

307.0

2.4871

9-

.1344

1001.9

219.0

2.3404

10.

1320

988.6

188.5

2.2754

l:l.

1270

960.8

124.0

2.0E):,4

12.

1265

9_58.0

112.0

2.0492

13.

1230

938.0

78.5

1.8949

14.

1215

930.2

59.2.

1.7723

15.

1200

921.9

37.0

.1.5682

16.

1260

955.2

89.5

1.9518

17.

· 1070

850.7

.;0.8

--:-0.0969
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TABLE I (CONTINUED)

Run#

Temp. · °F

Temp. OK

Pressure(p)

log Pnun

mm o·f Hg

18.

1225

936.0

19.

1125

883.7

89.0
34.0

1.9494

1;5315
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TABLE II

EQUILIBRIUM H2S/H20 OBTAINED FOR
GERMANIUM DISULFIDE

Run#

Temperature(. 0 c)

Flow rate(ax:/.nti"mt)

H2S/~O

l.

410

15.5

0.02139

2.

410

15.5

0.02356

3.

410

24.5

0.01673

4.

410

24.5

0.01"868

5.

410

41.0

o._01512

6.

410

47.0

0.01239

7.

460

10.0

8.

460

3.5

0.20311

9.

460

4.0

0.17285

10.

460

9.0

0.08784

11.

460

7.5

0.06755

12.

460

26.0

0.02075

_13.

460

39.0

0.02079

14.

460

1s.o·

0.04458

15.

460

16.0

0.05128

16.

460

16.5

0.07443

17.

460

26.0

0.04174

18.

460

59.0

0.01942
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TABLE II (CONTINUED)

Run#

Temperature{ 0 c)

Flow. rate(ccc./~nt)

H2S/H20

19.

510

3.25

0.25404

20.

510

12. 7.5

0.99410

21.

510

12.75

0.08470

22.

510

9.00

0.18514

23.

510

9.00

0.16224

24.

510

20.00

0.072~5

25.

510

20.00

0.11633

26.

560

4.00

0.24897

27.

560

4.50

0.22990

28.

56o

10.00

0.16751

29.

560

14.00

0.13995

30.

56o

13.00

0.14492

31.

56q

20.50

0.09367

32.

440

4.00

0.06450

33.

· 440

4.50

0.09068

34.

440

7:.50

0.05899

35.

440

8.50

0.05691

36·.

440

10.00

0.06246

37.

440

10.00

0.06372

38.

~40

.12.75

0.06073.
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TABLE II (CONTINUED)

Run#

Temperature( 0 c) .

Flow rate (~,lnli1,t,J;.)

H2S/H20

39.

495

4.00

0.09163

40.

495

4.50

0 ..07201

41.

495

8.00

0.03491

42.

495

15.50

0.02244

43.

495

16.00

0.02436

44.

495

17.00

0.02458

45.

495

21.00

0.03695
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TABLE III

X-RAY DIFFRACTION DATA FOR GERMANIUM MONOSULFIDE
PREPARED BY SYNTHESIS FROM ELEMENTS AND
SUBLIMED COPPER ~RADIATIONS

Bragg angle of diffraction
·(29)

1~.79

Relative intensity
(I/I 0 x 100)
6.6

22.20

26.75
27.25
29.75

2.4

32.10

·2.4

33.30

7.3

34.05

100 .. 0

41.40

5.6

42.85
45.00

45.10
47.60

2.4

48.30

2.6

49.85

1.8

52.15

4.5

53-45

22.8

72

TABLE III (CONTINUED)

Bragg angle of diffraction

(29)

Relative intensity

(I/I 0 x 100)

53-45

28.8

53.65

27~5

54.55

3.5

56.75

3.8

71.8o

33.0

72.05

23.5

72.65

3.1

80.90

2.6

81.15

5.2

83.50

4.2

83.80

2.6

86.40

8.4

86.6

6.9

86.7

8.5

90.00

12.1

90.3

7.0

91.7

2.6

94-5

2.6

98.3

4.4

99.7

3.8
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TABLE IV
X-RAY DIFFRACTION DATA FOR GERMANIUM MONOSULFIDE
PREPARED BY REDUCTIO~T OF GERMANIUN

DISULFIDE BY HYDROGEN

Bragg angle of diffraction

(29)

Relative intens~ty
(I/I 0 x 100)

12.20

17.0

17.00

32.5

26.80

100.0

27.30

41.5

29.85

11.6

32.20

13.0

· 33. 30

29.8

34.05

1·1a j or pea~c very intense

37 .55

13.0

39.25

13.0

41.60

36.5

42.95

13.0

45-30

24.8

47.80

17.0

48.30

19.5

50.00

78.0
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TABLE IV (CONTINUED)

;sragg angle of diffraction

(29)

Relative intensity
(I/I 0 x 100)

52.25

13.0

53.Bo

16.~5

54.Bo

31.3

54-95

26.0

56.20

13.0

56.35

13.0

56.90

40.0

57.05

33.8

58.55

45 . 0

58.70

26.0

65.80

13.0

71.50

18.2

72.30

29.8

81..40

13.0

82.90

14.2

83.io

13.0
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TABLE V
X-RAY DIFFRACTION DATA FOR GERMANIUM DISULFIDE .
COPPER K~RADIATIONS

Bragg angl'e of diffraction
(29)
15.50

Relative intensity
(I/I 0 x 100)
100.-0

16.40

16.6 .

17.20

8.6

18.30

10.5

18.85

4.4

21.25

6.2

23.10

_25.90

_5.2

26.Bo

20.6

27.10

7.-0

28.75

14.8

30.70

6.2

32.50

13.1

33-45

12.3

37.05

8.6

39.20

12.3

41.Bo

4.4

TABLE .V (CONTINUED)

Bragg angle of diffractio~

(29)

Relative intensity
(I/I 0 x 100)

43.10

7.9

46.40

6.2

. 50. 90
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VAPOUR PRESSURE OF GERMANIUM MONOSULFIDE·
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TABLE VI

EQUILIBRIUM VALUES OF H2S/H20 RATIO
FROM EXTRAPIJOTATION:TO ZERO FLOW RATE

Temperature

oc

H2S/H20 Ratio

log H2S/fi20

l.

410

0.026

-1.5850

2.

440

0.063

-1.2007

3.

460

0.059

-1.2291

4.

495

0.103

-0.9872

5.

510

0.180

-0.7447

6.

560

0.263

-0.5800

CHAPTER VII
"THERMODYNAMIC CALCULATIONS

Thermodynamic calculations based on the experimental
results reported in the previous chapter have been made in two
parts.

The first part is concerned with the vapour pressure

study of germanium monosulfide;·.and the second part is concerned
with the equilibrium study of germanium d.isul~ide.
I.

VAPOUR PRESSURE STUDY OF GERMANIUM MONOSULFIDE

The equilibrium between th~ condensed state of germanium
monosulfide and its vapour
GeS (condensed) = G_es ( vap~ur)
can be represented by the Clausius-Clapeyron equation:
dlnp

=

(1)

dT

where pis the pressure in atmospheres and ~HT· is the molar
latent heat of vapourization or sublimation at temperature T
in degrees Kelvin.

This is based on the assumption that the

vapour is a perfect.gas and the molar volume of the gas is large
compared to the volume of the condensed phase.
The· latent heat of vapourization can be written as a
function of temperature in ~e form
~HT= ~HT'
.

V

T'

T

.
(cP(vapour) -cp(condensed))dT
.

.

(2)

(if no tra~sition occurs in the temperature interval T' and T),
where
. T' •

~ HT. is the latent heat of vapourization at temperature

cp (vapour ) -cp(condensed)

If assumption is made that

~

cp

is constant in the interval T 1 and T then the ahove two equations
can be written:
- ~cp log T ~ Constant

1np = -

R

This equation can be empirically written to give ·the vapour
pressure as a function of temperature as? 3
lnp = - A - Bln T +
T

c

(3)

where A, B, and care constants.
In the simpler form i t is generally written as
logp = - A + C
T
,

(4)

and can be employed to represent the vapour pressure as a
function of the temperature.

Equation (4) represents a straight

line whose slop~ A will g~ve the .latent heat- of vapourization
or sublimation as:
6.HT

=-

4.574 (-A) cal.

·The experimental results obtained are plotted in Figurel3.
A straight line was drawn through the points using the method
of least squares.

The values of the slope and intercept were

calculated frem the following equations:
Slope=

k~(l/T)(logp) -~(1/T)~(logp)
k~ (1/T)2 - (:£ (1/T)] 2 ·
·
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Int~rcept = L(l/T) 2 E(109 p) - ~{l/T) L(l/T) (log p )
k~(l/T) 2 -[Z:(l/T)]2
where k ·r~presents the. different temperature measurements.

The

·'equation which was calculated is:
log Pmm· = - 6847/T + 9.200

{5)

It then follows that latent heat of vapouriz~t~on

and that
.6. ST

= -4.574 (9.200 -

2.88) = ·2 8.91. e.u.

Consequently the . £ree energy expression fo·r the vapourization
of germani·wn monosulfide is
AF=

31,320 - 28.91T

which rep~esents the temperature dependence of the ~~ange in
free energy for the reaction:
Gestl) =- Ges(v)
.
·.· 34
Spandu and Klanberg,. · have studied· this· reaction by the
transport method and have reported .the ~xpression for vapour
pressure ~s:
log Prom - - 6398/T +

8.7

The results are represented graphicaily in Figure 19 •.
Calculations from Results .Q.£ Previous Investigations • .
Thermodynamic functions like heat content or ~nth~lpy _
H, and energy E, are functions of the state of the system alone,
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and are independent of the path by which that state is reached.
The gaseous state can be attained by either sublimation of a
solid or melting of a solid with subsequent vapourization of
the liquid.

Consequently, we can write for the change of

enthalpy .6.Hs of sublimation.

where ...AHs, AHf and A ~ are the heat of sublimation,fusion arid
vapourization, respectively.

various investigator~ have studied

the sublimation of germanium monosulfide by using both effusion
and transport methods, the results are tabulated in Table

v.

The results obtained by the transport method are much
lower and have been neglected for the calculation of heat of
sublimation.

For the purpose of calculations .the average heat

.

of sublimation from the work of other investigators was used •
.6.H
8

= 1/3(40.9 + 43-9 + 38.2)

=

10,11,35

41.0 Kcal/mol.

From this investigation

A

H

v

= 31. 32

Consequently AH£

II.

=

Kcal/mol~.
41.0

-31.32 - 9.68

Kcal/mol.

EQUILIBRIUM STUDIES OF GERMANIUM DISULFIDE

The equilibrium values of ff2S/H2 0 ratio, which have been

calculated by extrapolatltdl.to zero flow rate hav~ been recorded
in Table YX1.
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TABLE VII
VAPOUR PRESSURE AND HEAT OF SUBLIMATION
OF GERMANIUM MONOSULFIDE REPORTED IN
LITERATURE
(GeS(s)

Investigators

=

Technique
used

Temperature
range oc

GeS(~))

0

Vapour Pressure

A Hs KcaJ /maJ.

l.

Barrow & Qthers10

Effusion

2.

Effusion

3.

Shimazaki & Wada11
.
6
Kenworthy & Others

305 - 336
347 - 376
33e - 390

Transport

3l1'.,

4.

Spandu & Klanberg34

Transport

5i!? - 6il6

log Pmrn=-7579/T + 10.05

5.

Davydov & Diev35

---------

300 - 635

log · Pnun=-·8 350/T + 10. 78

990

log p = -8643/T + 11.234
log p = .-8848/T 9 11. 715·
log Pnun=-9591/T + 12,371
log Pnun=-6526/T +

40.9
41,.9

9.07

38.20
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The equilibrium involved can be generally expressed by
the following chemical equation: .

The equilibrium constant for this reaction can be expressed as
follows:

where •a• represents the activity of the phase and

1

f

1

the

fugacity of the .phase.
If ~sand Hc?O gases are considered to-possecsideal
behaviour ·both individually and as a -mixture, the.:fugacities
of H2 S and

~o

can be replaced. by their partial pressures.

It is also assumed· that there is no change of activities
·of the condensed phases .GeS2 and Ge02 with temperature, and the
composition of the condensed phases remains constant·in the
temperature range considered ( 410-566 °C) and th.eir activity.· is
unity •
.Therefore the equilibrium constant can be expressed as
follows:

where FbS/H2 0 is the ratio of their partial pressure~.

~e ·

change in free energy for the reaction under consideration can
be expressed as:
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for the te~perature range 4~0-59J°C.

~e data obtained after extrapolating to zero flow rate
..are tabulated in Table VI and are plotted in Figure 18.

·A

straight line was drawn through the data in accordance with the
Van't Hoff equation*

*A F 0

=

-RTlnKeq

By rearranging this·expression and differentiating with respect
to temperature at constant pressure
d(lnKeg)
dT

~l/R

sinceAF 0 = A H 0 + T

= 1/RT[d(AFo)

d(A Fo/T)
.dT. ·

d(AF

0

it leads to the Van•t Hoff.

)

dT

- ~F~/T]

dT

.

'

equation:·
ci(lnK

) =AH0/RT2.

e~

dT

. .·

which upon integration yeidls
lnKeq =

0

~AH /RT. + B,

which is an equation of a · straight line., where 6 .H 0 is the standard enthalpy change for. the reaction., Bis the constant of
integra~ion.
It follows thatAF 0 /RT
==dH 0 /RT -B,
·,
and by comparison with~F 0 .

R(B) = ~S 0

•

= .6.. H

0
·

-TAS

0
.,

it is evident that

Thus, the slope of log H2 S/H20 versus 1/T, ·plot

is equal to-~H 0 /2.J03R and· the intercept at infinite temperature
·is equal to ~S 0 /2.303R., which represents the mean value over the
temperatur~ range considered.
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The values. of the slope ana intercept at infinite te:fllperature
were calculated from the:·.:fiollowing equations:

Slope:= k[(l/T}(log HgS/H.gO) -l(l/T)~(log HgS/.H.gO)
k L(l/T) 2 -U:(1/T)] 2
.
Intercept

=L{l/T) 2Z'(log

H2S/}kO -L(l/T)Z:(1/T) (log HgS/Hg9?)

k ~(1/T) 2

-[E(l/Tl]

2

where k represents the number of different temperature determinations.

The equation which was calcuiated is:

log H2S/li20

= - 3782/T + 3.985

It then follows .that

6H; =

-4.·574x2x (-3782) x = 35,@20. cal.

and that

A ~;

=

4-574x2x (3.985)·

=

37-53 e.u.

consequently, the free energy expression for - the two phase
equilibrium is:
L:::i. F

0

== 35, 620 -37. 5.3T cal,

which represents the temperature dependence of the change in
free energy for t t.he reaction ·

(§)
in the temperature interval from 410-560°C.
Calculations From Results of Previous Investigations:
From the experimental results obtaitioa for the reaction
(1), the standard free energy function of the reaction is ob-
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The linear change of free energy with temperature of

tained.

any pha$e can be calculated provided the free ene:r;gy functions
.of all other phases are known.

The standard free energy ·of

formation of 1i2S(g) and H2 0(g) are kn9wn accurately.
known standard free energy of formation of

Ge.02

From the·

(s), the· standard

free energy of formation of GeS2 can be calculated.

The knQwn

standard free energy functions of HaS(g), H20(g) and Ge02 phases
are given in Table VIII.
The calc~lations for the standard free.energy of dissociat~on:of GeS2 (s} are as follows:
.

.
0

GeS2(s) + 2li20(g) = Ge02(s) + 2lf:?S(g) ;A F =35,620 -37 .53T cal.
Ge02 (s)

-

2HaS(g)

= 2H2(g)

2Ha(g) + 02(9)

= 2HaO-(g)

GeS2 (s)

= Ge ( s) · + ·Si( g) ;

Ge ( s )". + 02 ( g)

+ S2(g)

~ F

0

=126800 -39.48T cal.

0

=43,l60 -a3.61T cal.

A

F

A

F 0 ~ti7800 .,~?6.20T cal.

/.l F 0 =877 80

-74.42T cal.

consequently, the free energy expression for the dissociation
of Ges 2 · is:
6 F0

= 8778o(·)-74.42

T;

which represents ·the temperature dependence of the change in
·,

free energy for the reaction:
GeS2 (s)

= Ge(s)

+ S2(g)

in the temperature interva1·from 410 to 5'60°C.

. ( 6) .
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TABLE VIII
STANDARD FREE

E1'1ERGY EXPRESSIONS

USED·IN THE CALCULATIONS

Temperature
Range °K -~ Fo Equation

Reaction

= 2H2(g) + S2 (g ).
= 2l12(g) + 02(9)
= Ge(s) + 02(9)

l. 2H2S(g)
2. 2~0(9)
3. ·Ge02(s)

· Ref.

298-1800

43160 -23.6T

36 ·

298.:.2500

117800 -26.20T

36

298-1200

126800. - 39. 48T* 37

*Ono and others,3 8 reported the standard free energy equation
of the reaction (3) in the temp~rature·range of 410-500°~:·
~ F 0 ~ 141156

+ 6.82(T). log

T -59.8T

while Glassner,37 reported the e~ression:

A

F

0

= 127 830 -4.28T log T + 2.B2 10-_~T

2

.+. 0.20 10 5/T-30.54T

But the latter expression. is ~upported by various authors·and
used in the form
.6. F 0 = A/T -B,

· for the purpose of ~alculations.
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The standard free energy expressions for the -dissociation
of germ~niurn disulfide {reaction 6) have been calculated from

22 i~ Table IX. · Jain obtained his results by

. the work of Jain,

.

.

hydrogen reduction of GeS 2 ·and GeS and used a recirculating
method.

Ono and Sudo, 1 7 calculated th~ standard free ~nergy

expressi~n for the dissociation of GeS 2 by ~eduction with
hydrogen and using a flow method·, and extrapolat~ng the H2 S/H2
ratio to zero flow.rate.
Various expressions obtained for the gissociation ·of
· GeS2 (reaction 6) are as follows:

-

87 ,780

74.42T Cal.

~Fo =

69,447

49.54T Cal.

= 74,900

49.51T cal.

This investigation 6F 0
From Jain2 2 work

.

17

Ono and Sudo

A

Fo

Th~ above expressions are compared graphically in Figure 20 • .
The maximwn deviation ofdF 0 values, ca.lcul.ated from the
expressions obtained by this investigation and from the work
of Jain is l.6K cal

(4.5%).
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50,000
- - This investigation ·
- - - JAIN22
·-·-·-··- ONO and Sudu
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700
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Fig. 20
THE STANDARD FREE ENERGY OF DISSOCIATION OF GeS2.
(GeS2(s)=Ge(s) + S2(g) AS A FUNCTION OP TEMPERATURE.
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TABLE IX
STANDARD FREE ENERGY EXPRESSIONS

FROM THE. WORK OF JAIN22

F 0 Equation

Reaction

H2(g) =

1.

GeS2(s) +

2.

GeS(s) + H2(g)

3.

2H2 S ( g)

==

= 2H2 (g)

GeS(s) +

Ge{s)

H2S(g)

+ H2S(g)

+ S2 ( g)

15,785 - 17.29T
10,502...,.

8.64T

43,160 - 23.61T
69,447 - 49.54T

CH?\PTER VIII
DISCUSSION OF.THE RESULTS

The results obtained ~re discus~ed in two parts.

The

first part is concerned with the vapour pressure study of
germanium monosulfide and the second part i~ concerned with

.

..

the equilibrium study.·of germanium disulfide.

I.

VAPOUR PRESSURE STUDY OF GERMANIUM MONOSULFIDE

In this investigation the-vapour pressure of germanium .
.
.
monosulfide was -studied by measuring the boiling point of germaniuin monosulfide at various pressures; the vapour pressure
of GeS.(1) ~t the boiling temperature will · be equal to the
pressure . of the surrounding atmosphere~

This method is.only·

suitable if the vapour pressure of the condensed phase is
above lOOrnm of mercury.
were not used.

Hence the results at. low pressures

The following expression was obtained by using

the method of least squares:
log Prom=

-6847/T + 9.20

Spandu and Klanberg,3

4

using a transport method have reported

the following expression for the vapour pressure of . liquid ger-·
.manium monosulfide:
log Pnun

= -6398/T

+ 8.70

The results of this.:.investigation and that of Spandu and
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Klangerg a_re compared graphically in the Figure l.9.

It can be

seen that there is - some deviation at high pressures; while the
.· results are well in agreement at lower pressures.

There is a

deviation of 2.8% at 810°c~
The heat of fusion was calculated by·,.~using the heat of
sublimat;Lon value from the:·_1i terature.

There are great

differences in the values of the heat of sublimation, reported
in the literature •. As nothing can be said regarding the
accuracy of the results of various authors, only the results
obtained by effusion method are used. and the average value of
the heat of sublimation was utilized in the calculations.
From the graph representing the plot of log p versus 1/T,
the boiling point can be measured by the temperature at which
the vapour pressure will be

760 nun of mercury.

From this in-

vestigat~on the boiling -point was found to be· 810.5°c,
6
.
Kubaschewski and Evans, 3 . have reported the boiling point as

815°c, while from the work of Spandu and others,3 4 it is 826°c.
Plotting the expression for the vapour pressure of germaniuin monosulfide solid and liqui~ the point of intersection
of these . two curves will give the melting point of germanium
monosulfide.

But the expressions reported for the vapour

pressure of germanium rnonosulfide solid differ so. ·much ·that the
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In ~etermining the equilibrium values of the H2 S/H2 0
ratio, .~rom the data, the H2 S/H2 0 ratio values .were e~trapolated
.to zero flow rate.

The values at low flow rate, were not taken

into consideration, as the values were in error due to thermal
diffusion of gases.

Very high flow ~ates were not used since

equilibr~um was not attained.
The expression obtained. for the reaction

(1)

in the

tempera~ure range 410-560°C is:
6

F

0

= 35620 -

37 .53T

From the expression obtained. for the standard free
energy change with temperature, the 'free energy of dissociation
of Ges2 {s) was calculated.

Here the values used for the . free
.

.

energy of formation of H2 S(g) and H2 0(g) are fairly accurate.
But various expressions.for the reaction:

(2)
have been reported.

Glas~ner~37.compiled the ·results of various

authors and gave the following expression:

~ F0

-4.28T log T + 2.52 10-3T2 + 0~2o6:05/'R}30.54T

= 127,830

But Orio and others,38 using a trans~ort method gave much higher
values of. 6

F

0

•

For the purpose of calcu1ations Glassner equation was used
and the expression calculated for the dissociation\ ·of germanium
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melting point cannot be determined., unless an accurate eArpression
for the vapour pressure is known.

Spandu and. Klanber9,3 4 have .

. reported the melting point of germanium monosulfid.e at 615~c.
Using the results obtained by this investig~tion and that ~f
Shimazaki ana 'Wad.a, the melting point !-1as found to be ~98°c.
II.

EQUILIBRIUM STUDY OF GERMANIU~ DISULFIDE

In this investigation the- thermodynamic properties of

germanium disulfide were determined from the extrapolated
equilibrium values of the H2S/~o ratio, using a flow method..
The reaction involved was:

(1)
The asswnptions made regarding this reaction are as
follows:
(1.)

The gases ~s and ffaO are consid.e red to possess ideal

behaviour both individually and. as a mixture. ·

(2)

There is no change in the activities of GeS 2 and Ge02 and

~·ctivities : are·-:uni ty • .
(3)
in

There is no change of composition of GeS2 and Ge02 phases

the

temperature range considered.
consequently the eqµilibrium ·constant Keq can be repre-

sented by:
Keq

=

(H2S/Hao) 2

.102

disulfide (GeS 2 (s) = Ge(s) +
A

F

0

s 2 (g)) was:

= 87780 ':"' 74.42T

AlthougI:i the ~ F 0 v~lues agree within _the. temperatu.re
range·considered (410 - 560°c), with the work of dain22 ;
{Fi.9. 20) there ~s compl.ete disagreement with regard to the
~

H0 and.

~S

0

values.

This disagreement can ·be explained

by considering that i .n this investigation and. in the work of
Ja~~' a ~traight l~ne was drawn through the scattered points,
and. through the same points different lines could be drawn
having d~fferent values for.the slope and·intercept, which
would give considerable variation in the values of Ll. H0 and
~

S

same.

0

•

The values of~ F 0 would sti·l l be approximately the
consequently, th1s expression is strictly valid as

far as A F 0 values are _c(?ncerned in thi~· teniperatu:r;e range.
The results obtained in.this investigation are. in disagre~ent
with those.of Ono and Sudo, whicll can.be expl~ined by their
dubious method of extrapolation to zero flow rate.

They used

very slow flow rates (3 cc - 9 cc/mi~) ·and did not consider
the e~rors which can be caused by thermal.diffusion.

The

accuracy of the· data of the present investigat~on are limited
by a lack of a suitable method of extrapolation to zero flow
rate, even though the values at low flow rates have not·been
considered in order to avoid thermal diffusion effects.
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III

X-RAY DIFFRACTION WORK

GERMANIUM MONO::· ·:SULFIDE

The x-ray. diffraction patterns obtained for GeS, p·r .~ pared
by synthesis and subse~ent ~ublirnatioi:i (table :iii), and. the
one prepared. by red~cti<?:t:1 of GeS2 (table . iv), are not identical.•
In the pattern of

GeS_

prepared by the rE:3duc-~i~n method; a few

extra lines were observed, ·and there was_general sh~ft of lines ·
by 0.1°,

{in

29) as compared to the.other pattern.

The later

could be explained by the error involved in the aligrune~~ of.
the x-ray unit.· The prescence of ·new lines could be explained
by indexing the pattern.

The two patterns were inde~ed as

shown in Appendix IV, by using ·the cell qonstants given _by
Zachariasen (a= 4.29 A; b a 10.42; ca 3.64).

There were a

few lines which could not be indexed.
At an angle 9

= 6.10°,

a line was observed, which suggested

~at the values of spacings ·might not have be~n correctly
reported.

Assuming that the 100 ·and 001 planes were truly 200

and 002, · then the cell dimensions would be a ·.= 8.58 A;_
b = l~.42 A, c = 7.28 A.

By

using these contants, _ all the

lines could be indexed.
This suggests that in determining the structure of GeS,
Zachariasen did not use very low angles of diffraction and
consequently reported low values for the cell constants.
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Similar observations have been reported by Jain22.
Germanium disulfide:-

The x-ray diffraction pattern of GeS 2 , was indexed ·as
shown in appendix

v, 4-i'lsing ~e cell co:11stants rep'?rte!-1 by

Zachariasen. (a= 11.66 A, b

= 22,34

A,

c

= 6.86

A

. ).

All the lines could be indexed by these cell ·c onstants which
suggested· that only GeS 2 phase was present iri the sample.
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CHAPTER IX.
SUMMARY AND CONCLUSIONS
For the study of ·t hermod.ynamic properti~s of germanium
sulfides, the vapour pressure of germanium monosulfide was
determined by using the boiling point .method, and thenµodynamic
properti.es of germanium disulfide were determined by using an
indirect method, of oxidation by water vapour, and determintning
the· equilibrium Ik?S/HaO ratio:.·
I.

VAPOUR PRESSURE STUDY OF G E ~ ~ MONOSULFIDE

The vapour pressure of germanium monosulfide was studied
by using the boiling point method, in.the.region of 1200-1455°F.
This method: is fairly ac_c urate when the vapour pre~sure · of the
substance is above 100 nun of Hg.

The expression obtained for

the reaction:
GeS{liquid)
~

= GeS(vapour)

as follows: ·

. log p mm

= -6847/T

+ 9.20

and the heat of vapourization and entropy change calculated
were:·
A·Hv = 31,320 cal/xqol.

6 sv

= 28.91

e.u.

From this expression· the boiling point was determined as

8io.5°c.

using the average value of reported h~ats of ~ublimation, the
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heat of.fusion was calculated as follows:
A Hf= 9.68 Kcal/mol.
Taking into consideration the expres.sions for .the vapour·
pressure of solid and liquid germanium monosulfide, the melting
point was found to be approximately 600°C.
II.

EQUILIBRIUM STUDY OF GERMANIUM DISULFIDE

In this investigation the thermodynamic properties of
ge~anium disulfide were determined from the equilibrium values
.

of H.aS/li20 ratio.,. using the flow method.

.

The reaction involved

was:
GeS2(s)

± 2H20(g)

~ Ge02(s) + 2rkS(g)

The equilibrium .values of H2 S/H2 0 were calculated by extrapolating to zero flow rate.
contained 45.71%

s,

The german.i um disulfide used

while stoichiometric GeS2 contain~

46.5% s.

The expression obtained for the reaction was as follows:
log(H2S/H20)
4 F~

= -3782/T

=35,620 -

+ 3.985

37.53 cal/mol.

The eX)?ression calculated for the dissociation of germanium disulfide {GeS2(s) = Ge(s) + S2(g))-.-..was:
·AF 0

= 87780

-74.42T

and is valid only in the temperature region of 410-560°C.
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APPENDIX . I
. SULFUR ANALYSJ:S OF GERMANIUM SULFIDES

Germanium Disulfide
Wt. of the sample taken=
Wt.

0.1710 gms

7:.0451 gms

of the crucible =

Wt. of the cru·c ible + BaS04 ppt
Wt.

of the BaS04 ppt

s% = 0.57
s%

x 22

= 0.5700
x

233.36

= 7.615i

gms

x 100
1
0.1710

in stoichiometric GeS2

gms

= 64

x

1·36. 6

= 45.71

100

= 46.5

Germanium Monosulfide
Wt. of-the sample taken=
Wt. of the crucible
Wt.

0.0561 gms

= 6. 7408

of the crucible + BaS04 ppt =

Wt. of BaS04 ppt

= 0.1333

S%

= 0.1333

s%

in stoichiometric GeS

x

6.8741

22

233.36

x

= 32.56

100
0.0561

=

~2

104.6

x 100 = 30.60

APPENDIX II

x..:..·RAY DIFFRACTIO~ DATA OF GERMANIUM DIOXIDE

Bragg angle of ~if~raction
(29)

,.

Relative intensities

x

(I/I 0

20.60

78

26.00

100·

36.00

37·

38.00

70

39.50

46

41.80

58

44.95

8

48.30

18

48.·70

40·

53.00

10

53.40 ·

22

56.40

6

58.90

43

61.70

14

66.oo

38

67.10

22

70.10

18

73.90

12

100)

110

APPENDIX II (CONTINUED) ·

Bragg angle of diffrac~ion

(29)

RG~ative ·Intensity
('I/I 0

x 100). ·

76.40

.. :.1.

77.Bo

11

78.55

11

80.10

11

81.8o

4

82.20

7

88.60

6

89. 70.

5

APPENDIX III
SAMPLE CALGULATIONS OF PH S/PH 0
2

2

FROM EXPERIMENTAL DATA
Run #2

Furnace Temperature: 410°C

Room Temperature: 28.0°C. = 301°K.
Bath Temperature: 26.34.+ 0.02°C.
Flow rate: 15.5c.c./minute
Time of gas flow: 30 minutes.
Strength of ioding: ·

(5c. c.As2.03 (1. 622gms/li ter )=17. 3c. c. I2

I

(8.85c.c.,Na~S203

= 20c.c.I2

(
:

-

1 622
•
x5

49.455xl7.3

N = 0.009479N ·

Iodine added: -20.5c.c •

.Iodine used: -20. 5-7. 7x :~

85

Iodine used. per minute: cs3.1
- 30

= 3.1c·.-c.

= o.1033c.c.

Iodine used per c.c. o~ gas ·= 0.1033 = .00666
15.5
H2 S per c.c. of the gas= 0.00666x0.009479x22.4x 301Kl.§Q._ = 0.5925/pt
2
2 73 Ptotal
c.c.

nun.
PH
= vapour pressure of water at 26~34°C-PH2 s
20
= 25.740 -0.5925 = 25.1475 mm.

APPENDIX - IV
INDEXING OF GERMANIUM
MONOSULFIDES PATTERNS ·

According to ZachariaQen the structure of GeS is as follows:
Orthorhombic system, Unit cell dimensions are:
a=

4.29

b =

10.42

~

:,.64

c
Pat~ern .I*

Pattern II**

. Sin2 ·9 . ·
(ob~rved)

hkd

s1n2 e
(calculate)

hkl.***

d .. v~lue

001

7.2484 ·

------

6.10

8.35

----8_.50

.0210)
.0218)

002

.0219

004· ·

5._2111

·11.10

---------

.0371

. 110

.•0377 .

210

4.0008

.• 0535)
.05~7)

120

.9541

220

-----1303(

13.63

---------

16~05

-----~-

13.40

-----

13.65

. . •Oll3

~0555) :
.0557)
..

14.93

-----

16.10

.0666
.0765~

.0769.

--021
101

130
~0666

. · 3·.2616

022 .

2.9896

202

2.!t 7775

-112
Sin2 9

Sin2 9

Pattern I*

Pattern II**

(observed)

hkl

(Calculate)

hkl***

d value

17.03

17.03

•.Q86o

002

.0869

004 ·

2. 6300 ·

18~75

.!033

19.63

.1128

-------

-----

---------

013

2.)962

113

2.2928

------

·20.ao

.1249)
.1261)

131

."1262

232

2.1691

21.43

2l.47

.1339 .

210

.1343

410

2.1066

22.25

-----

.1634

411

2.0342

22.55

----22.6~

.1470)
.1683)

---------

051

2.0085

------

23.90

-----

.1628)
.1641)

141

. • 1645

.242·

1.9012

26.15

24.15

.1674

· 150

.1690

332

1·.8827

24.93

25.00

. · .1786

022

.1190

024

1.8267

20.70

-------

23.80

*

Pattern obtained by Synthesis (table -III:) .

** Patt~rn obt~ined by Reduction (table IV)

***

hkl ·calculated, . by using values o~ cell dimensions as a~ 8.58:.
b = 10.42 and
c = 7,28 A.

APPENDIX - V ·
INDEXING OF THE PATTERN OF GERMANIUM DISULFIDE
't

According to zachariaS~n, the crystal structure of
GeS2 is as follows:

-

Orthorhimbic System, 24 molecules per mi t cell~
unit cell dimensions:
a= 11.66 A
b

= 22.34

c =
20

A

6.86 A

Sin2 0{observed)

hkl

s·in20 (c.alcula ted.) *

a

15.50

.0182

111

.0182

5.7119

16.40

.0203

040

.0192

5.4006

17.20

.0224

220

.0224

5~·1510

18.30

.0253

140

.0247

4.8437

18.85

.0268

240

.0268

4.7040

21.25

.0340

160

.0343

4.1780

23.10.

.0400

300

.0396

3.8470

25.90

.0502

002

.0504

·3.437:i,

26.80

.0537

102

.0543

3.3237

27.10

.0549

022

.0551

3.2875 ·

28.75

.0616

032

.0612

3.1020

30 .. 70

.0700

400

.0698

3-9097-

32.50

.0783

232·

.0788

2.7526

33-45

.0829

401

.0830

2. 6765

37.05

.1010

332

.1008

2.4240

114

29

Sin2e(obse;,ed)

hkl

Sin2e{ca1culated)*

d

39.20

.1125

003

.1134

2.2962

41.80

.1273

123

.1277

2 ·. 1591

43.10

.1349

2.2 3

.1349

2.0970

46.40

.1552

.0 63

.1553

1.9552

50.90

.1847

403

.1834

1.7924
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